In the present study, a novel attempt is made to synthesize yttrium boride (YB4) nanosized powders through metallothermic reduction method. The starting materials used were yttria (Y2O3), boron oxide (B2O3) as reactants and calcium (Ca) as reductant. The reaction was carried out at 950 0 C under argon atmosphere followed by acid washing. The product was subjected to X-ray fluorescence (XRF) which indicated its elemental constituents and purity of the prepared nanopowders. X-ray diffraction (XRD) studies revealed the formation of YB4 and YB6 phases as well as their respective crystal structures. Thermal analysis was done to calculate the weight loss and phase stability at different temperatures. It has shown complete crystallization of the yttrium boride around 800 0 C. Field emission scanning electron microscopy (FE-SEM) images shown the agglomerated particle morphology. Energy dispersive spectroscopy (EDS) shown the presence of Y and B elements. Transmission electron microscopy (TEM) images revealed the particle size in the order of 40 nm to 60 nm. Selected area electron diffraction (SAED) pattern are in consensus with XRD results ensuring the formation of nano-sized yttrium boride. The overall results confirmed that yttrium boride can be synthesized by the low-temperature metallothermic reduction process.
Introduction
Yttrium (Y) is one of the important heavy rare earth element and has been widely used in permanent magnetic materials, advanced rare earth alloys and high-tech materials. Yttrium has a soft, silver-metallic, lustrous and high crystalline appearance. It is a D-block element with atomic number 39 in the third group. Even though yttrium appears in the transition element series, existence and the chemical properties of the yttrium matches with that of lanthanides series and therefore it is considered as rare earth element [1, 2] . Oxide and boride phases are most common among yttrium and find major industrial applications since both are stable at higher temperatures. Yttria addition in metals improves the mechanical and tribological properties. Also, yttria plays a significant role in oxidation resistance. Rare earth borides are promising refractory with high chemical and thermal stability, low evaporation rate at high temperature, low electronic work function, high and constant electrical conductivity, high transmission stability, high current and voltage capability and high neutron absorbability [3, 4] . Also, rare earth borides are utilized as a thermionic emitter to offer higher brightness with lower energy spread and longer service life than tungsten cathodes in electronic devices [5, 6] . Yttrium boride is a crystalline material composed of various proportions of yttrium and boron, such as YB2, YB4, YB6, YB12, YB25, YB50 and YB66. They are all grey-colored hard solids having high melting temperatures. The most common form is the yttrium tetraboride (YB4) and yttrium hexaboride (YB6). YB4 has a tetragonal crystal structure whereas YB6 has a cubic crystal structure. Yttrium boride exhibits high hardness with high bulk modulus, high melting point, and excellent thermal stability [7] . It has a congruent melting temperature of 2800 0 C in YB4 phase [3] and its oxide form Y2O3 has also a high melting point of 2415 0 C. Among the various yttrium boride phases, YB4 gives the best mechanical properties [8, 9] . It can be adopted for high temperature and wear resistance applications. Its high boron content makes it suitable for neutron absorber applications in advanced nuclear reactors as exhibited by other rare earth borides [10, 11] .
The properties of many conventional materials change abruptly when formed in the nano range. This is typically because nanoparticles (NPs) have a greater surface area per weight than larger particles which causes them to be more reactive with the other molecules. Ceramic nanoparticles such as silicon carbide, titanium carbide, titanium diboride, zirconia, dispersed in metal matrix produce strong lightweight materials with superior mechanical properties [12] [13] [14] . Rare earth based nanoparticle finds its major applications in biomedical industries [15] . In addition to this, it can be reinforced in metals which find applications in nuclear, thermal and mechanical engineering. Conventionally, ceramics RE powders and NPs are synthesized by solid-state reduction method, arc melting process, combustion synthesis, sol-gel and co-precipitation technique. For biological applications, wet chemical methods are usually preferred to yield uniform size distribution of the powders. All these methods have their own advantages and limitations. A brief summary of the various techniques is presented in table 1.
The addition of borides as dispersoid helps in improving the performance and properties of the materials because of its hard phases with high bulk modulus [26, 27] . There has been some investigations where the effects of rare earth (RE) elements on the solidification, eutectic transformation and mechanical properties of the steels were investigated [26] and it has been pointed out that the addition of RE contributes in the improvement of the tensile strength and toughness of the light metals and steels [28] [29] [30] . Based on the previous exploration, the advantages of the addition of boron and rare earth are worth combining in the preparation of rare earth borides and thereby achieving the strengthening of light metals and steels targeting wear resistance applications. Ceramics of rare earth with higher mechanical properties can be effectively used as a reinforcement phase in lower volume fraction for the fabrication of lightweight metal matrix composites (for example Mg and Al metal matrix composites) [31] . Apart from these applications of high hardness and wear resistance, because of its neutron absorption capability it can be tried in the nuclear application as well. Rare earth based ceramics also find application as thermal barrier coatings (TBCs) in hypersonic vehicles, turbine engines due to its thermal stability and oxidation resistance [32] [33] [34] . Yttrium boride nanoparticulate improves corrosion, wear behavior of many commercially available materials such as alloy steels, Co-based alloys, cast white iron, light metals and zircaloy [35] .
As discussed in table 1, all the conventional techniques adopted have their own limitations. Solid state mixing involves extensive high energy mechanical mixing and a subsequent heat treatment at very high temperature leading to irregular morphologies [16, 17] . Such morphologies, when used as reinforcement phase to metals, will have a significant effect on their mechanical properties [36] . [24, 25] A wet chemical technique such as sol-gel method involves low temperature but the precursors are expensive and also, bulk ceramic fabrication is not possible [16, 17] . Coprecipitation method gives low yield and also it involves long holding time [21] . Arc or induction melting process involves very high operating temperature leading to hard particle agglomerates [16] . High temperature and lower yield were major drawbacks that were found from the previous researches. Molten salt synthesis is one of the methods which utilizes the eutectic temperature of the salt fluxes and brings down the operating temperature below 1000 0 C [24] . This process can be carried out under mild conditions without the need for any special reaction vessels [25] . In this process, the reactants and fluxes are heated in a furnace. Platinum or alumina or zirconia crucible is usually used in a laboratory experiment [24] . The heating conditions such as temperature and duration are determined by the desired powder characteristics based on the applications. In general, the rate of material transport is increased with an increase in heating temperature. At the same time, the salt evaporation increases as well. The heating duration is determined by the reaction rate, the size and shape of the product particles. Typical temperatures are between 800°C to 1100°C with a duration of 30 to 60 min and even higher duration based on the required salt size and properties [24] . In another method, instead of adding molten salts, pure metal powders which are reducing in nature is added along with the reactants in order to reduce the oxide formation. This technique can be adopted for synthesizing boride based ceramic powders. It is known as metallothermic reduction process. Accordingly, in the present study, nano-yttrium boride particulates in the size range of 40 to 60 nm were synthesized by using metallothermic reaction process using yttria (Y2O3) and boron oxide (B2O3) as the starting materials and calcium (Ca) as reductant. Ca is chosen as reductant ahead of magnesium (Mg) since the Ellingham diagram with standard free energy demonstrates that calcium has the best tendency for oxide formation. In fact, it has the lowest free energy among all the reductant metals and hence, it is considered as one of the best deoxidizing agents. The vapor pressure of calcium is adequately high which permit a successful vapor stage calciothermic reduction of the reactants [37, 38] . The utilization of magnesium is likewise feasible however because of its lower oxygen affinity, it is thermodynamically expected that the oxygen concentration under the Mg-MgO equilibrium will be higher than that of Ca-CaO. So, the calciothermic reduction of related oxides will be more favourable than magnesiothermic reduction [38, 39] . The secondary reason for choosing Ca as reductant over Mg is the quantity of reductant used. In case of Mg, the quantity is always taken 15 to 20 % in excess to the stoichiometric quantity in order to achieve complete reaction. But in case of Ca, due to its low free energy, the reaction is more spontaneous, and the amount of reductant taken is the same amount of the stoichiometry of the reaction [39] . Yttrium boride nanoparticle is not a commercially available one. The synthesis of YB4 is not explored thoroughly in the past. Few studies have mentioned the synthesis of YB4 through borothermal reduction method, vacuum thermal reduction method [33] and molten salt synthesis method [40] . In Molten salt route, synthesis of yttrium boride was achieved by using chloride-based reactants along with a boron source [40] . In this present work, a new approach is proposed to synthesize YB4 through the metallothermic reduction process. This method has not been reported in any of the previous researches to the best of our knowledge.
Materials and Methods

Materials
In the present study, the starting materials were the reactant powders and reductant metal. Yttria (Y2O3-99.9% Purity) was purchased from Indian Rare Earth Ltd and melted boron oxide (B2O3-98.4% Purity) was supplied by A.B. Enterprises, India, were used as reactant materials. Calcium metal (98% Purity) purchased from Loba Chemie, India was used as the reductant for this experiment. The results in Figure 1 and Figure 2 illustrates the respective XRD pattern and SEM morphology of the starting reactant materials. X-ray diffraction shows the clear crystalline pattern of Y2O3 (JCPDS Ref. ) and the absence of major B2O3 peak is due to its amorphous nature, (JCPDS Ref. 01-4332). The SEM morphology of yttria shows the particle size in the range of 5 µm and B2O3 particles are in the range of 50 µm. 
Synthesis of yttrium boride
The product yttrium boride (YB4) was obtained from metallothermic reduction route. The steps involving in this synthesis are explained in figure 3, below. The reactant powders and calcium metal were weighed and taken in the stoichiometric ratio based on the molecular weight from their balanced chemical equations. The chemical equation corresponding to the quantity of powders taken is given below. For 100 g of yttrium boride product, the reactants taken were 85.437 g of Y2O3, 105.3606 g of B2O3 and 227.457 g of Ca.
The raw materials were thoroughly grounded in an agate mortar and pestle. Calcium was used as reductant to form calcium oxide by reducing the reactants. The reductant and reactant powders were then loaded into an alumina crucible in an alternative layered manner with Ca reductant at the top and bottom most layer. The crucible with the loaded salts was kept in the muffle furnace and heated at 950 0 C for 8 hours under argon atmosphere passed at 150 mL/min. Then the reacted powders were allowed to cool inside the furnace until it attains room temperature. The compound thus obtained was washed with 1M HCl diluted with distilled water followed by warm water washing steps until it gets neutral. Once the compound attains neutrality it was filtered using whatman filter paper and dried using a hot plate until the moisture gets removed completely. The dried nanopowders were ball milled to remove agglomeration. Ball milling was done in a high energy planetary ball mill (FritschTM Pulverisette 5 Classic Line) with a speed of 250 rpm. The ball-to-powder weight ratio (BPR) was 10:1. The container used was zirconia vial with a capacity of 500 mL and milling media was zirconia balls with a diameter of 10 mm. [41, 42] Dhkl is the crystallite size in the direction perpendicular to the lattice planes, hkl are the Miller indices of the planes being analyzed, K is the Scherrer constant, λ is the wavelength of the Xrays, β is the FWHM of the X-ray diffraction peak in radians and θ is the Bragg angle. K is taken 0.9 and λ is taken as 0.154056 nm.
Thermal studies
The phase stability and weight loss were analyzed by using thermal analysis test. Thermogravimetry and differential thermal analysis (TG-DTA) was performed in the simultaneous thermal analyzer (STA 8000, Perkin Elmer). The analysis for the compound formation was carried out at a range of 25 0 C to 1500 0 C under the nitrogen atmosphere at the rate of 5 0 C/min with Al2O3 as a reference.
Microstructural studies
To ensure the morphology, particle size, microstructure of the obtained yttrium boride compound, field emission scanning electron microscopy (FE-SEM, SUPRA 55VP, Carl Zeiss) was used. Energy dispersive spectroscopy (EDS) to detect the chemical composition in atomic and weight percentages. The crystalline nature, shape and size of the obtained nanosized yttrium boride were further confirmed by transmission electron microscopy (TEM) and selected area electron diffraction (SAED, Teenai 20 G2, FEI). SEM samples were prepared by dispersing 0.01 g of powder into 25 mL of ethanol, magnetically stirring for 1 h, ultrasonicating for 10 min, drop coating onto a silicon wafer using a micropipette, dried, and then carbon coating. In the case of TEM studies, the samples were drop coated on a copper grid.
Results and Discussions
X-ray fluorescence study (XRF)
XRF results from Figure 4 , demonstrates the presence of peak corresponding to Y and Ca elements. The existence of boron is not revealed because of its low atomic number and its corresponding fluorescent X-rays do not reach the detector of the XRF instrument. Also, the low energy boron peak is also difficult to quantify. The chemical composition of yttria and calcium oxide is shown in table 2. Calcium oxide was detected since Ca was added as the reductant during the synthesis. 
X-ray diffraction study (XRD)
The XRD results of the typical yttrium boride powders are displayed in Figure 5 . The results of XRD confirms the formation of yttrium boride peak YB4 (JCPDS No.07-0057). Presence of YB6 is also revealed in XRD pattern (JCPDS No.10-1738). The nanopowder exhibits the cubic structure of YB6 and tetragonal structure of YB4 as their respective crystal structure.
The formation of narrow peak shows the crystallization of the yttrium boride. The sharp peak indicates a highly crystalline nature of YB4 and YB6. The reflections are attributed to YB4 and YB6 which are the metal boride phases, along with the traces of unreacted impurities namely yttrium oxide (Y2O3) and boron oxide (B2O3). The weak diffraction peak ascertains the presence of Y2O3 which are noticed between 20 0 and 40 0 shows the incomplete dissociation of yttria. The minor amorphous humps between 40 0 and 60 0 indicate the characteristic of B2O3 raw material. The incomplete reduction of reactants has been reported in the previous researches as well [21] . Generally, at low temperature and short time equivalent to low energy input, yttrium oxide and boron oxide did not get completely dissociated. Efforts to dissolve the oxidized phase, by means of acidic or reductive conditions, were ineffective which was also reported in the previous investigation [21] . Oxide byproducts might also initiate from the unstable yttrium species during the washing process. It reacts with water during the washing and results in oxide formation [21] . The formation of YB6 phase is due to its favored thermodynamics during heat treatment. The enthalpy of fusion and heat capacity values obtained from the previous research database for YB6 phase (ΔH=10783 cal/g atom, Cp=6.514 cal/g atom) is lower than that of YB4 phase (ΔH=11236 cal/g atom, Cp=6.879 cal/g atom) at the working temperature of 950 0 C [43] . So the free energy for YB6 phase formation is lower and making it spontaneous at that temperature.
The average crystalline size obtained from the X-ray line broadening of (2 1 1) plane using Scherrer formulae was 47.15 nm. This size is in agreement with the microstructural images which are discussed below. 
Thermogravimetry and differential thermal analysis (TG-DTA)
The thermal behavior of the formation of nano-sized yttrium boride was investigated by TG-DTA. In Figure 6 , there is a consistent weight loss of about 7.58% from room temperature to 450 0 C which attributes to volatilization of moisture that was present in the reactants. It is confirmed by the strong endothermic peak at 131 0 C. Once the volatilization of water content happens, the beginning of decomposition of oxides takes place which accompanies by weight loss. At the temperature of 633 0 C and 704 0 C, two endothermic patterns are observed because of the decomposition of the reactant oxides. A gradual weight loss can be observed while decomposition of oxides took place. About 13.6% of weight loss occurred after the reactants get dissociated. Weight loss is hardly observed above 800 0 C, after the decomposition of reactants, which shows the crystallization of the yttrium boride. Also, there is no peak in the DTA curve which is in agreement with the crystallization of yttrium boride. Around 1228 0 C a sharp exothermic peak can be witnessed along with a drastic weight loss. It confirms the oxidation of nano-sized yttrium boride at a higher temperature as confirmed in the previous researches [3, 44] . A sudden weight loss of 24% is observed once the compound undergoes oxidation. 
Field emission scanning electron microscopy (FE-SEM) & energy dispersive spectroscopy (EDS)
The SEM image in Figure 7 demonstrates the morphology of yttrium boride. The formation of irregular polyhedral morphology shown in Figure 7 (a) and Figure 7 (b) revealed that of nano-sized yttrium boride (YB4 ) along with the existence of YB6 phases. The image also indicated the average size of the particle in the nano range of 40 nm to 60 nm with little agglomerations. The formation of YB4 phase crystallizes first during reduction followed by YB6 phase which forms because of its favored growth kinetics during the firing process [9] . The crystalline shapes detected are irregular. Different shapes could be attributed to different particle growth mechanism during the reduction process. From the SEM image, the sample prepared at 950 0 C with Ca metal exhibited irregular shapes and the average size of the particle can be observed in the nano range of 40 nm to 60 nm. The EDS pattern presented in Figure 7 
Byproducts and its influence on the final chemical composition of powders
Byproducts are usually formed due to the addition of fluxes or reductant during the process and also because of the high processing temperature. Ineffective and insufficient acid washing is the reason for the residual of reductant oxides [5] . Due to the formation of oxidebased byproducts the desired properties such as mechanical, thermal resistance property, neutron absorbing capacity are not achieved. These reactant/reductant oxides need to be reduced in the final composition in order to achieve effective synthesis and higher yield of rare earth boride. From the literature search, the synthesis of other rare earth boride powders was found to produce several byproducts with oxygen contents in higher concentration. Previously, higher oxygen content was found during the synthesis of GdB4 by B4C reduction method [34] . Also, synthesis of LaB6 using B4C reduction method reported reactant oxide phase in the EDS result [11] . Higher oxygen has been found during the synthesis of nickel boride and yttrium boride prepared by molten salt synthesis route [40] . CeB6 prepared by high-temperature self-propagating synthesis method also indicated the reductant oxide phase in the EDS. In this work, more amount of reductant was used (higher than the calculated stoichiometric amount) to increase the yield of CeB6 [46] .
Conclusions
In the present study, nano-sized yttrium boride powders were successfully synthesized through the metallothermic reduction route using yttria and boron oxide as reactant materials and calcium as a reductant. The synthesis temperature (950 0 C) was much lower than the conventional solid-state mixing and arc or induction melting process. Also, the bulk fabrication of the product was achieved in this study. The primary conclusions of the present experimental findings are as follows:
(a) Presence of elemental constituents has been noticed in the synthesized nanoyttrium boride compound by XRF analysis. (b) Through XRD studies, the formation of YB4 and YB6 phases are confirmed. It also indicates the tetragonal crystal structure for YB4 phase and cubic structure for YB6 phase. Few amounts of raw materials remain undissociated in the final compound which is also reflected in the XRD peaks. The average crystalline size measured using the FWHM value through Scherrer formulae for diffraction line (2 1 1) was 47.15 nm. (c) TGA-DTA results indicated the crystallization of nano-yttrium boride was attained above 800 0 C with the absence of DTA peak and no considerable weight loss in TGA pattern. This result also revealed that the yttrium boride undergoes oxidation above 1228 0 C. (d) SEM images have shown the irregular polyhedral morphology of YB4 and YB6 phase. The image also indicates the average size of the particle in the nano range of 40 nm to 60 nm (with agglomeration). The formation of YB6 phase is due to its favored thermodynamics and growth kinetics during the heat treatment process. EDS pattern has exposed the presence of yttrium, boron and oxygen concentration. (e) TEM images showed the morphology of the nano-sized yttrium boride and the particle size is in the range of 40 nm to 60 nm. SAED pattern match with dspacing values of the XRD results to reassure that the formation of yttrium boride. Presence of bright spot indicates the crystalline nature of the product.
In the present study, even though byproducts with oxygen content were found to be present, it is possible to reduce their concentration, if a design of experiment approach is chosen to find the effect of processing temperature and quantity of reductant on the final yield and purity of powders, and the study is on-going. Further, the synthesized powders can be used as a reinforcement phase to fabricate lightweight metal matrix composites and the study is ongoing. 
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